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ABSTRACT 

Using high resolution Chandra data, we report the presence of a weak X-ray point source coincident 
with the nucleus of NGC 4178, a late-type bulgeless disk galaxy known to have high ionization mid- 
infrared (mid-IR) lines typically associated with active galactic nuclei ( AGNs) . Although the faintness 
of this source precludes a direct spectral analysis, we are able to infer its basic spectral properties 
using hardness ratios. X-ray modeling, combined with the nuclear mid-IR characteristics, suggests 
that NGC 4178 may host a highly absorbed AGN accreting at a high rate with a bolometric luminosity 
on order of lO''^ ergs s~^. The black hole mass estimate, based on our Chandra data and archival 
VLA data using the most recent fundamental plane relations is ~ 10^ — 10^ M0, possibly the lowest 
mass nuclear black hole currently known. There are also three off-nuclear sources, two with a similar 
brightness to the nuclear source at 36" and 32" from the center. As with the nuclear source, hardness 
ratios are used to estimate spectra for these two sources, and both are consistent with a simple power- 
law model with absorption. These two sources have X-ray luminosities of the order of ~ 10'^* ergs s~^, 
which place them at the threshold between X-ray binaries and ultra- luminous X-ray sources (ULXs). 
The third off-nuclear source, located 49" from the center, is the brightest source detected, with an 
X-ray luminosity of ^ 10'*'^ ergs s~^. Its spectrum is well-fit with an absorbed power law model, 
suggesting that it is a ULX. We also fit its spectrum with the Bulk Motion Comptonization (BMC) 
model and suggest that this source is consistent with an intermediate-mass black hole (IMBH) of mass 
(6 ±2) X 10^ Mq. 

Subject headings: Galaxies: active — Galaxies: spiral — X-rays: Galaxies — Infrared: Galaxies — 
Black hole physics 



1. INTRODUCTION 

There is mounting evidence that a significant 
fraction of supermassive black holes (SMBHs) re- 
side in late- type galaxies, and that a classical 
bulge is not a requirement for a SMBH to form 
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galaxies that host an AGN, however, the galaxies 
have a pseudobulge component, characterized by an 
exponential surface brightness profile. And while 
classical bulges are believed to form through mergers, 
pseudobulg es are thought to form thro ugh secular 
processes ( Kormendv fc Kenni cutt I l2004[ ). Of the 
late-type, AGN-hosting galaxies, bulgeless (no evi- 
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dence even for a pseudobulge) galaxies are by far the 
rarest. To date, there are only three such bulgeless 
disk galaxie s that are confirmed to host SMBHs : 
NGC 4395 (iFl lippenko fcjioj 12003'; 'Sh ih et al. 1 120031 : 



iPeterson et aT, 2005), NGC 10 42 ( Shicld^nOgOOa 



and NGC 3621 (fSatvapal et al. |[2 007: Bar th et al. II2009I: 
iGliozzi et ahl 120091 : ISatvapal et al. . .2009t ). While very 
large SMBHs (>. 10*^ Mfr^) likely form throu gh galaxy 
mergers (e.g. iKauffmann fc Haehneltl l2000t) . leading 
to a tight correlation between the black hole mass, 
Mr h, and the host galax y 's bulge velocity disp ersion 
cr ("Gebhardt et al. ' 2000" i Ferrarese fc Merritt I l2000l: 
Ulaehnelt fc Kauffmann 2003, e.g.), it is still unclear 
how SMBHs form and grow in bulgeless galaxies. 
Central to this question is how SMBHs affect, or are 
affected by, their host galaxy properties. It has already 
been shown that the presence and properties of SMBHs 
do not correlate with g alaxy disks or pseudobulges (e.g. 
iKormendy et al. Il201ll ). Interestingly, however, all three 
bulgeless disk galaxies with SMBHs have nuclear star 
clusters (NSCs), and there is growing evidence that 
suggests that the mass of SMBHs and NS Cs may be 
correl ated in galaxies that poss ess both (e.g. ISeth et al~l 
2008; ' Graham fc Spitler II2009D . 

Given their rarity, determining the properties of 
SMBHs in bulgeless disk galaxies is crucial to our under- 
standing of the low end of the SMBH mass function and 
its relation to host galaxies. Observationally, the only 
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viable method for finding SMBHs in bulgeless galaxies 
is through the search for AGNs. Since bulgeless galax- 
ies are typically dusty, star-forming galaxies, a putative 
AGN is likely to be missed by optical surveys. X-ray ob- 
servations are the ideal tool to search for AGNs in such 
galaxies since X-rays are generally only produced in the 
inner nuclear regions of an AGN, and hard X-rays are 
not substantially affected by absorption. 

The goal of this paper is to investigate the X-ray prop- 
erties of the putative SMBH that lurks at the center 
of NGC 4178, a bulgeless disk galaxy that was recently 
found to have promine nt mid-IR [NeV] emi ssion associ- 
ated with the nucleus (jSatvapal et al. Il2009t ). While the 
[NeV] emission strongly suggests the presence of an AGN, 
the size of the Spitzer InfraRed Spectrograph (IRS) slit 
(4.7" X 11.3", at 14.3 /im) precludes us from confirming 
the nuclear origin of the emission. Thus, the presence 
of a significant X-ray point source counterpart in high- 
resolution Chandra data would provide a confirmation of 
a nuclear SMBH, as X-ray emission associa ted with star- 
burst activity is generally e xtende d (e.g. Dudik et al. I 
l2005t iGonzalez-Martm et al. 2006; Flohic et al. 
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If it does have a SMBH, NGC 4178 will be only the fourth 
known truly bulgeless disk galaxy with a SMBH. 

NGC 4178 is a highly-inclined {i ~ 70°), 

SB(rs)dm galaxy (|de Vaucouleurs et al. I Il99l[ ) located 
withi n the Virgo Cluste r at a distance of 16.8 
Mpc ijTullv fc Shava I Il984) . Based on its nuclear op- 
tical s pectrum, it is classified as having an HII nucleus 
( Ho. F ilippcnko , fc Sargent IQQ?) , and c ontains an NSC 
of ~ 5 x"l0^ Mr7^ (|B5ker et al. I Il999l : ISatvapal et all 
I2009D . Other than some asymmetric, locally enhanced 
Ha emission near the outer parts of the disk, the 
Ha distribution of NGC 4178 is typical of that foun d 
in star- forming galaxies ( Koopmann fc Kennev I [2004[ ) . 
The HI distribution is more extended than the optical 
part o f the galaxy a nd shows no evidence of interac- 
tions ( Cavatte et al. I [l99Q) . Apart from our previous 
Spitzer observations, there is no evidence for an AGN in 
this galaxy. With these considerations, the presence of a 
SMBH in this galaxy is highly unexpected. 

This paper is structured as follows. In §2, we de- 
scribe the Chandra observations and data reduction, as 
well as archival VLA data. We follow with a descrip- 
tion of our results, including X-ray spectral modeling in 
§3. In §4, we discuss constraints on the nuclear black 
hole using the bolometric luminosity by presenting an 
updated iboi/i[NoV] correlation. We compute the Ed- 
dington mass and compare our findings with mass esti- 
mates from other methods. In §5, we compare our results 
to other bulgeless disk galaxies and give a summary and 
our main conclusions in §6. 

2. OBSERVATIONS AND DATA REDUCTION 

2.1. Chandra Data 

We observed NGC 4178 with Chandra ACIS-S for 36 
ks on 2011 February 19. The data were processed using 
CIAO V. 4.3 and we retained only events in the energy 
range 0.2 — 10 keV. We also checked that no background 



flaring events occurred during the observation. 

We used the XSPE C v. 12.7.0 software package 
( Arnau d 1996; Dorman k Arnaudl[2001.) for the spec- 
tral analysis. For the bright off-nuclear source, we re- 
binned the spectrum in order to contain at least 15 counts 
per channel in order to use the statistic. To com- 
pute the error (90% confidence) on the flux, we used the 
cf lux model component available in XSPEC as a means 
to estimate fluxes an d errors due to model components 
( Arnaud et"ani2012f ). For the other sources where low 
counts (< 50 counts) prevented a direct spectral fit, we 
employed X-ray hardness ratios as a rough estimator of 
spectral state. The hardness ratio we use is defined as: 

hard _ counts[2-10 koV] 
soft ~ counts[0.2-2 keV] 

2.2. Archival VLA data 

To search for and constrain the level of radio emission 
from the detected Chandra X-ray sources in NGC 4178, 
we utilized archival Very Large Array (VLA jf] data. The 
highest angular resolution VLA dataset available was a 
560 sec snapshot obtained in B-array at 4.9 GHz (~ 1.5" 
be am; program AS314 ) on Feb 1, 1988, and published 
bv lSaikia et al. I (|l994[ ). We used AIPS to calibrate and 
edit the data using standard procedures. A final image 
with beam dimensions 1.95" x 1.36" (position angle 
= —12.5°) was produced with the IMAGE task using 
natural weighting (ROBUST weighting = 2) and 1000 
CLEAN iterations. 

All coordinates listed in this paper refer to the J2000 
epoch. 

3. RESULTS 

As can be seen in Figure [U Chandra clearly de- 
tects a nuclear X-ray source (source A), which appears 
to be situated symmetrically between two nearly mir- 
rored infrared lobes and is located at RA=12''12'"46^32, 
DEC=10°51'54".61. Centroid analysis reveals that the 
infrared lobes are at the same distance from the nuclear 
source, about 7.8", corresponding to a distance of 1.3 kpc 
at the distance of NGC 4178. These infrared lobes are 
likely associated with star formation regions, known from 
Ha stud ies to be as sociated with, and confined to, the 
bar (e.g. iMartin fc~ Kennicut t 2001). This is supported 
by the presence of Pa-a emission coincident with these 
lobes (Figure [2|). Two weaker off- nuclear sources (B and 
C) are located at RA=12i^l2™47".33, DEC=10°52'22".52 
32" and RA=12'^12'"48".47, DEC=10°52'11".03, 35.7" 
(5.2 kpc) and 36" (5.9 kpc) from the nuclear source, re- 
spectively. A third, brighter off-nuclear source (D) is 
located at RA=12'^12'"44".51, DEC= 10°51'13".64, 49" 
(8 kpc) from the nuclear source. Only one of the off- 
nuclear sources, source C, appears to have a counterpart 
in any other band. 

^ The National Radio Astronomy Observatory is a facility of 
the National Science Foundation operated under cooperative agree- 
ment by Associated Universities, Inc. 
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Fig. 1.— Spitzer IRAC 3.6 /xm imag e of NGC 4178 from the 
SPITSOV survey lIKennev et al. I I200SD overlaid with contours 
showing the Chandra X-ray point sources. 10" ~ 1.6 kpc. 




Fig. 2.— Left: HST NICMOS-3 H-band image of NGC 4178 
overlaid with the Chandra nuclear X-ray extraction region in 
white and the Spitzer 3.6 /im infrared lobes outlined in green. 
Right: HST Pa-a image with the same regions. The NSC is is 
marked with an arrow in the //-band image. 



In order to determine if the nuclear X-ray source 
is consistent with the photocenter of the galaxy, the 
source coordinates were compared to the 2MASS pho- 
tocenter. The 2MASS photocenter was found to be at 
RA=12i^l2'"46".34, DEC= 10°51'55".l, 0.6" ± 0.6" off 
from the X-ray source coordinates. Thus, we conclude 
that the nuclear X-ray source is coincident with the 
2MASS photocenter, within the astrometric uncertain- 
ties. After spatially registering the HST i7-band image 
with the 2MASS ff-band image, we find that the Chan- 
dra source is coincident with the NSC (Figure [2]). 

3.1. The Nuclear Source 

The nuclear X-ray source is shown in Figure [31 We 
detect 37 ± 7 (5.3 a) X-ray counts (0.2 - 10 keV) from 
the source. The nuclear source is strikingly soft, with 
31 ± 6 counts in the 0.2 — 2 keV band and 5 ± 2 counts 
in the 2 — 10 keV band (for low counts, Poisson statis- 
tics are used to calculate the uncertainty, as described in 



the approach of iGehrelsl ( 19861 ). where the error corre- 
sponds to the 84.13% confidence limit), yielding a hard- 
ness ratio of 0.16lg'|!)8. Using a simplified phenomeno- 
logical power law (P L) model with a Galactic a bsorption 
of 1.91 X 10^0 cm-2 (jPickev fc Lockman IfToQOl Chandra 
Golden tool)), and adopting the global i ntrinsic absorp- 
tion for NGC 4178 of Nh ^ 10^^ cm'^ (jCavatte et al. I 
[mi), the observed hardness ratio can be rephcated with 
a photon index F — 2.6lg'J. Using these parameters, 



this model predicts an X-ray luminosity of L0.2- 



4.6l'^'4 ^ lO'^^ ergs s ^, and a hard X-ray luminosity is 
^2-10 kov = 7.914 g ^ 10 



10 koV 



ergs s ^, significantly lower 
than that implied by the observed [NeV] luminositylf] In- 
deed, the bolometric luminosity inferred by the [NeV] lu- 
minosity is ^ W^^ ergs (see H4A\i . 5 orders of magni- 
tude higher than the hard X-ray luminosity predicted by 
this simplified phenomenological PL model. The bolo- 
metric correction factor is K2-10 kcV ^ 10^ j much too 
high for any realistic AGN spectra l energy distribution 
(SED) (IVasudevan fc Fabian I [2009h FI 

We therefore postulate that there is highly localized 
absorption around the central source. Indeed, analy- 
sis of data from Chandra Deep Field North has shown 
that more complex spectra are characteristic of AGNs in 
local galaxies due to the ubiquity of heavy absorption, 
and a simpl e PL cannot reliably be esti mated from hard- 
ness ratios ( Brightman fc Kirpal 11201^ . With a covering 
fraction of 0.99 and absorption Nh = 5 x 10^^ cm~^, a 
partially-absorbed scenario combined with a simple PL 
can account for the hardness ratio with F = 2.31q'5. 
With these parameters, the intrinsic X-ray luminosity 
is Lo.2-10 kcV ~ 3.11q;5 X 1( 
ray luminosity is L2-10 koV 
The partially-absorbed scenario can be physically inter- 
preted as a strongly-accreting black hole imbedded in a 
heavy medium in which a few holes have been "punched 
out" by strong X-ray flux. This is in line with our un- 
derstanding of black hole accretion, our understanding of 
the interstellar environment of late- type spiral galaxies, 
and it is consistent with the bolometric luminosity. 

We point out that the observed X-ray luminosity is 
low, and therefore by itself we cannot exclude the pos- 
sibility that it is produced by X-ray binaries in the 
nuclear star cluster. However, the [NeV] luminosity 
is 8.23 X lO'^^ ergs s^^, which is at the the low end 
of the range o bserved in standard optically-identified 
AGNs (jPereira-Santaella et al. II2OIOI ). Indeed, the [NeV] 



ergs s ^ and the hard X- 



8.6tl%^ X 10^ 



'■^^ ergs s ^. 



^ It should be noted that the apparent luminosity I/0.2— 10 keV = 
(2.1 ± 0.1) X 10^* ergs s~^ is consistent with the upper limit pre- 
viously established for NGC 4178 bas ed on Einstein o bservations 
of i^o. 2-4.0 kcV ^ 2.5 X 10*" ergs s"! jFabbiano et al. 1992). 

^ In predicting the bolometric luminosity, we included all of the 
[NeV] 14.3 fim flux. In principle, [NeV] emission can be produced 
by shocked gas assoc iated with a starburst-driven superwind (e.g. 
fVeilleux et al.l l200^. However, in the case of NGC 4178, the ab- 
sence of notable Pa-a emission near the photocenter (Figure[2} sug- 
gests that there is no vigorous star formation around the nuclear X- 
ray source. Moreover, the optical spectrum is typical of an HII re- 
gion and is not consistent with shocks IHo. Filippenko. fc Sargent I 

liHl). 



Fig. 3. — The Chandra image with the nuclear source region 
outlined in white. 

luminosity in NGC 4178 exceeds that of NGC 3621, 
which has recently been confirmed to have an optical 
Seyfer t 2 spectrurn using high resolution Keck observa- 
tions ( Barth et al. 1120091) . Moreover, the bolometric lu- 
minosity implied by the [NeV] luminosity is two orders 
of magnitude greater than that of NGC 4395 , which is 
indisputably an AGN ()Filippenko fc Ho Il2003[ ) (seelH]). 
Therefore, the [NeV] luminosity, combined with our X- 
ray results, strongly suggests that the X-ray source is due 
to an AGN. 

3.2. Off-Nuclear Sources 
3.2.1. Source B 

We detected 20 ± 5 net counts in the 0.2 - 10 keV 
range for source B. The hardness ratio is 0.4lj]Q22- At 
a radial distance of 31.6", the known i ntrinsic absorp- 



tion for NGC 4178 is Nh ^ lO^^ cm'^ (jCavatte et al 



Il994[ ). With this absorption, source B's hardness ra- 
tio can be reproduced by an absorbed PL model with 
The corresponding X-ray luminosity is 



1.7 



+0.7 
'0.6- 



kcv = 2.2ljj X 10^^ ergs s"^ In the hard X- 
ray band, the corresponding luminosity is ^2-10 koV = 
1.2^11 X 10^8 ergs s'^. 

3.2.2. Source C 



The net counts in the 0.2 — 10 keV range for source C 
are 26 ± 5, with a hardness ratio of 0.20^° 'iJa- This rel- 
atively low hardness ratio can be reproduced by an ab- 
sorbed PL model with P = 2.3^^;^ and Nh = 10^^ cm 
giving an X-ray luminosity of io.2-10 koV — 
XO^s g]-g3 3-1 and a hard X-ray luminosity of L2 
ergs s 



1.7t2;4 X 1038 0-1 



6.2+?;8 X 

-10 kcV = 



3.2.3. Source D 



Our brightest X-ray source, source D, had 575 ± 24 
total counts in the 0.2 — 10 keV range, enough to directly 
fit a spectrum. We tested the variability of this source 
by extracting the light curve in the 0.2 — 10 keV range 
and applying a test, and found that the source flux 



Fig. 4.— Left: HST NICMOS-3 H-band image of NGC 4178 
overlaid with the celldetect X-ray extraction region for source 
C. Right: Smoothed SDSS g-band image with the same contour. 
1" ~ 160 parsecs. 



was likely constant during the observation (x^/dof = 
22.584/39, P^^ = 0.98). 

The spectrum is well fit {x^^^ — 0.997 for 33 de- 
grees of freedom) using an absorbed PL model with 
P = 1.24 ±0.12 and setting the intrinsic absorption 
Nh = 10 

io.2-10 koV = (7.9 ± 0.8) X 1039 ergs s 
ray luminosity of L2-10 koV = (5.9 ±0.9) x lO"" ergs s 
If we allow the intrinsic absorption to vary, a com- 
parable fit (Xrod = 1-02 for 32 degrees of freedom) 
is achieved with Nh = 1.5 ± 0.14 x 10^" cm^ and 
P = 1.31 ± 0.23, yielding an intrinsic X-ray luminosity 



cm ^. This yields an X-ray luminosity of 

and a hard X- 

~l39 



io.2-10 kcV = (8.0±1.0) x 10^9 ergs s^^ and a hard X-ray 
luminosity of L2-10 kcV = (5-8 ± 0.7) x 10^^ ergs s~^ 

This large luminosity gives us a second method of spec- 
trally characterizing the source. Recent work has shown 
that the physically motivated Bulk Motion Comptoniza- 
tion (BMC) model may provide an effective means of es- 
timat i ng the mass of accreting black holes ( Gliozzi et al. 
2009[ IShaposhnikov k, Titarcluikl 120091 : Iciiozzi et al. 
201 ih . This technique relies on the self-similarity of 



black holes and their accretion characteristics to relate 
the photon index P with the BMC model normaliza- 
tion A^BMC- In short, the BMC model convolves the 
inverse Comptonization of X-ray photons by thermal- 
ized electrons with the inverse Comptonization of X-ray 
photons by electrons w ith bulk relativistic motion (see 
iTitarchuk et al. Ill997l . for details on the BMC model). 
The BMC model has 4 free parameters: the temperature 
fcr, the spectral index a, related to the photon index P 
by a = P — 1, a parameter log A related to the fraction 
of Comptonized seed photons f hy A — f /[f — 1), and 
the model normalization A'bmc- 

The BMC model gives an excellent fit [x^^d — ^-OO for 
31 degrees of freedom) with the intrinsic absorption set to 



N. 



H 



5 X 10^ 



kT = 0.48 



+0.08 
-0.07' 



0.77tO;^t and 



log A = 7.1 (Figure [5]). The normalization is A^bmc — 
1.39 X 10^^. The corresponding X-ray luminosity is is 
io.2-10 kcV = (6.5 ±0.4) x 10^9 ergs s~\ and the hard X- 
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ray luminosity is L2-10 koV = (5.1 ± 0.5) x lO'^^ ergs s~^. 
Five different spectral patterns of Galactic black hole sys- 
tems wit h mass and d i stance well constrained are pro- 
vided in iGliozzi et al. I (|201lh . These are the reference 
sources utilized in the X-ray scaling method. To be con- 
servative in the estimate of the black hole mass of Source 
C, we have used all five reference patterns and computed 
the average and standard deviation of the five Mbh val- 
ues, resuhing in (A/bh) = (6 ± 2) x 10^ Mq. 

3.2.4. The Nature of The Off-Nuclear Sources 

With the exception of source C, the lack of notice- 
able counterparts in other bands (see Figure [Ij suggests 
that these sources are not foreground objects. Source C 
is coincident with an extended (~ 800 x 520 parsecs) 
region (Figure 2]) , especially evident in high- resolution 
HST data. This region appears to be an area of ex- 
tensive star formation, though it is not associated with 
significant Pa-a emission. A priori, we cannot rule out 
that these sources are background AGN that appear 
to be located within NGC 4178 by chance. With the 
known hydrogen column density of ^ 10^^ cm~^, a back- 
ground X-ray source would not be heavily absorbed by 
NGC 4178, even in the soft band. Using results from 
the Chandra Deep Field-South (CDF-S), we can calcu- 
late the likely number of hard X-ray sources in our field 
(~ 4 x 10~^ deg~^) for a give n flux that could b e ex- 
pected to occur by chance (e.g. iTozzi et al. II2OO1I ). For 
sources B and C, with hard X-ray fluxes on order of 
^ 10^^^ ergs s^^ cm^^, the expected number of sources 
is 5, so sources B and C may indeed be background 
objects. However, for source D, with hard X-ray flux on 
order of ~ 10"^'^ ergs s~^ cm~^, the expected number 
of sources is ^ 0.1. We therefore conclude that source 
D is likely local to NGC 4178. Source D has a lumi- 
nosity of ^ 10^ ° ergs s~^, and is therefore consistent 
with a ULX (e.g. Swartz et al. 1l2004l : IWinte7 et al. 
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Fig. 5. — Spectrum of source D and data/model ratio to a BMC 
model with galactic absorption. 

a number of additional mid-IR [NeV] fluxes available in 
the literature. We therefore update our previously pub- 
lished relation between the [NeV] 14.32 ^m luminosity 
and the AGN bolometric luminosity using the most up- 
to-date mid-IR line fluxes of AGNs observed by Spitzer 
(iHaas et al. I l2005t IWeedman et all 120051: lOgle et al. I 



2006t iDudik et al. I 120071 l2009t iGoriian et al. I 12007 



Cleary et al. ' '2007^ 'Armus et al. ' '2007 
2007; Tommasin et al 



2008, 20 10; D ale et al. i 
Veilleux et aLlboOOt IPereira-Smtaella et al. Il2010[ ) that 



Deo et alTl 
20091 ; 



have well-characterized nuclear SEDs. In Figure El we 
plot Lboi versus i[NeV]j which shows a strong correla- 
tion. The Spearman rank correlation coefficient is 0.83, 
with a probability of chance correlation of 10"^'^. The 
bolometric luminosities for this updated sample ranged 
from ~ 5 X 10^^ ergs s~^ to ~ 5 x 10^^ ergs s~^ and 
the black hole masses ranged from logMen = 6.15 to 
logMsH = 9.56. The best-fit linear relation yields; 



witn a Ul^A e.g. Swartz et al. n^UU4t Wmter et al. ZUUtt , r ncir^i r 1 inc/i-7 

iiihiriEf&r^^^^^e^^^ - 0.615 log L[NeV] + 19.647 ergs s 



by the BMC model, su ggesting that it may b e an IMBH. 
VLA observations by I Cavatte et al. I ( 1990l) of neutral 
hydrogen in NGC 4178 show a heightened concentration 
(Nh — 1.48 X 1 0^^ cm~^) of neutra l hydrogen coincident 



with an RMS scatter of 0.53 dex. Using the known 
[NeV] 14.32 /xm nucle ar luminosity for NG C 4178 of 



.23 X 10^^ ergs s'^ ijSatvapal et al. I I2009D . the pre- 



with source D. iNiklas et al. 1 (119951) gives the position of 
this source as RA ~ 12'^12'^43", DEC ~ 10°50'59". This 
concentration is very diffuse, however, so it is uncertain 
that it is related to source D. 

4. CONSTRAINTS ON THE NUCLEAR BLACK HOLE MASS 

4.1. Bolometric Luminosity and Eddington Mass Limit 
of the AGN 

Our IR and X-ray observations allow us to derive a 
mass estimate for the nuclear black hole. In our previ- 
ous work, we showed that the [NeV] luminosity is tightly 
correlated with the bolometric luminosity of the AGN 
in a sample of optically identified AGNs. We can there- 
fore use the [NeV] luminosity to o btain an estimate of th e 
Eddington mass of the black hole ( Satvapal et al. |[2007[ ). 
and therefore set a lower mass limit on the AGN. Since 
the publication of our previous work, there have been 



dieted nuclear bolometric luminosity of the AGN is 
iboi = 9.2tg^5 X 10^2 ergs s'^ The Eddington mass 
limit for the nuclear black hole in NGC 4178 is then 



Mbh > 7.1 



-17 



X 10* Mp 



0- 



4.2. Archival VLA Data and The Fundamental Plane 

At the positions of the four Chandra sources, we did 
not find any significant emission in the VLA 4.9 GHz 
image and measured 3 a point source limits of < 0.23 (A), 
< 0.17 (B), < 0.15 (C), and < 0.16 (D) mJy. These limits 
are co nsistent with the original analysis of ISaikia et al. I 
where no significant radio sources were detected. 
Interestingly, we note a local radio maximum in the VLA 
image that is 1.7" to the northeast of the central Chandra 
source (A) with a position, RA=12'^12"46".40, DEC= 
10°51'55".9. The peak of 0.184 mJy/beam is 3.4 times 
the average rms noise measured in adjacent background 
regions. At 4.9 GHz, the single-dish flux of NGC 4178 is 
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Fig. 6. — AGN bolometric luminosity as a function of [NeV] 
14.32 fira luminosity. It is clear that the [NeV] luminosity is 
strongly correlated with the bolometric luminosity over a wide 
ranee of luminosities. 



12 mJy ( Vollmer et al. |[200^ and this peak could easily 
be an artifact due to unmodelled diffuse radio emission 
from the galaxy. The only other VLA datasets available 
in the archive were obtained at 1.4 GHz, but these lower- 
resolution data are dominated by the diffuse star forming 
regions seen in th e Effelsbe r g dat a and the VLA 1.4 GHz 
D-array image of ICondon I dlQSTl) . 

If we use the radio luminosity as an upper limit, we 
can use the hard X-ray luminosity to estimate the upper 
limit on the nuclear black hole mass t hroug h the so-called 
fundamental plane (Merlon^ et al. 1 12 003: 'F alcke et al"l 
[2004; Merloni et al. 2006: Giiltekin et al. 20091) . assum- 
ing that the relation extends to lower luminosities and 
black hole masses. Assuming a 5 GHz flux density for the 
nucleus of 0.2 mJy, the X-ray and radio luminosity would 
imply a nuclear black hole mass 

(the RMS scatter is ^ 0.7), consistent with the Edding- 
ton mass limit derived in the previous sectionQ The 
assumed radio flux value corresponds to the local peak 
seen in the VLA image in close proximity to the X-ray 
nuclear source, and is consistent with the strict upper 
limit measured at the X-ray position. 

4.3. Other Considerations 

The presence of an NSC in NGC 4178 provides an- 
other estimate of the mass of the central black hole. 
ISatvapal et al. 1 (|2009l ) estimated the mass of the NSC to 
be ~ 5 X 10^ Mq, similar to the NSC mass in NGC 4395. 
In cases with a known nuclear star cluster and black 
hole masses, the ratio of the black hole mass to nuclear 
star cl uster mass, Mrh/Mnro, generally r anges from 
0.1-1 (ISeth et al Il200a iGraham fc Soitler | [2009'). The 



In calculating this mass, we have used the hard X-ray luminos- 



lower limit on the black hole mass is then 5 x 10^ Mq, 
consistent with the lower limit set by the Eddington mass 
(although some galaxies have a BH/NSC mass much less 
than 0.1, such as M33), and the upper limit on the black 
hole mass is ~ 5 x 10^ M0, consistent with the upper 
limit implied by the radio luminosity. 

With the heavily obscured scenario, we can further 
constrain the black hole mass. Assuming that the 
NGC 4178 has an X-ray luminosity of ^ 10'*'' ergs s~^, 
the bolometric correction factor becomes K2-10 koV — 
10^. This finding can in turn be used to constrain the 
black hole mass by exploi ting the correlation betwee n 
K2-10 keV and iboiZ-Z^Edd ( Vasudevan fc Fabian I [2009[) . 
Using the correlation that for systems with very high 
bolometric correction factors, iboi/iEdd ^ 0.2, we ob- 
tain Mbh — 3.8 X 10^ M0, consistent with the upper 
mass limit implied by the radio luminosity. 

5. COMPARISON TO AGN IN OTHER LATE-TYPE, 
BULGELESS GALAXIES 

With a solid X-ray source detection at the center of 
NGC 4178, we can add this galaxy to the growing col- 
lection of bulgeless, extremely late- type disk galaxies 
with confirmed AGN. The best-studied definitively bul- 
geless disk galaxy with an AGN is NGC 4395, which 
shows the hallmark signatures of a, type 1 AGN (e.g. 
Filippenko fc Ho 1 12003[ iLira et al.1 Il999t [MOTan et al. I 
1999t) . The bolometric luminosity o f the AGN is 



IQio gj^gg g 1 ( Filippenko fc Ho1l2003f l. nearly three or- 



ity of 8.( 



X 10^^ ergs s ^ from the heavily absorbed scenario. 



A lower X-ray luminosity would actually increase the upper limit 
to the black hole mass, according to the fundamental plane. 



ders of magnitude lower than the estimated bolomet- 
ric luminosity of the AGN in NGC 4178. The black 
hole mass of NGC 4395, determined by reverberation 
mapping, is i\/BH = (3.6 ± 1.1) x 10^ M©, and does 
not appear to be radiati ng at a high Eddington ra- 
tio ( Peterson et al. ] l2005h . The bolometric luminos- 
ity of the AGN in NGC 1042, as estimated from Ha 
measurements, is 8 x 10^^ ergs s""'^, and the cen- 
tral black hol e is estimated to be between 60 Mq and 
3 X lO'' Mq ([Shields et al. II2008D . With the updated 
iboi/^[NcV] relationship, the estimated bolometric lumi- 
nosity of the AGN in NGC 3621 is 6.8l4^8 x 10^^ ergs s"* 
and the Eddington mass is 5. 213^7 x 10"* Mq, making 
NGC 4178 and NGC 3621 the most luminous AGNs in 
extremely late-type galaxies currently known. The like- 
hhood that the AGN in NGC 4178 is heavily absorbed, 
combined with the high photon index, suggests that it 
is accreting at a high rate. The black hole mass of the 
AGN in NGC 4178 is - 10^ - 10^ Mq, possibly lower 
than the black hole in NGC 4395. 

6. SUMMARY AND CONCLUSIONS 

We have analyzed the X-ray characteristics of NGC 
4178 from a 36 ks Chandra observation. The X-ray data, 
combined with considerations from the mid-IR and ra- 
dio properties of the galaxy, have led us to the following 
results: 

1. There is a faint but statistically significant (5.3 a), 
unresolved X-ray source at the center of NGC 4178, 



7 



confirming the presence of an AGN. The hardness 
ratio gives some clues about the spectral state, 
which is consistent with a scenario where the source 
is accreting at a high rate with F ~ 2.3. The soft- 
ness of this source, combined with the discrepancy 
between the [NeV] luminosity and the observed X- 
ray luminosity, supports the scenario where NGC 
4178 hosts an AGN embedded in a heavy absorber, 
accreting at a high rate. 

2. The bolometric luminosity of the AGN in NGC 
4178 predicted by our mid-IR results is 9.2 x 
10^^ ergs s~^, significantly higher than that found 
in any other extremely late-type, bulgeless disk 
galaxy. 

3. The updated bolometric luminosity, combined with 
other lines of evidence such as the fundamental 
plane and the correlation between the mass of nu- 
clear star clusters and their resident SMBHs, have 
led us to conclude that the AGN in NGC 4178 is 
powered by a black hole of - lO" - 10^^ Mq. 

4. Two weak off-nuclear sources found in NGC 4178 
have X-ray luminosities consistent with very bright 



XRBs or ULXs, although we cannot rule out the 
possibility that they are background objects. A 
third off-nuclear source is very bright and was di- 
rectly fit with a PL model, showing that it is a 
ULX located in NGC 4178 about 8 kpc from the 
nuclear source. It was also directly fit with a 
BMC model, suggesting that it may be an IMBH 
of ~6 X 10^ Mq. 
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